Objective-Genomewide association studies have implicated allelic variation at 9p21.3 in multiple forms of vascular disease, including atherosclerotic coronary heart disease and abdominal aortic aneurysm. As for other genes at 9p21.3, human expression quantitative trait locus studies have associated expression of the tumor suppressor gene CDKN2B with the risk haplotype, but its potential role in vascular pathobiology remains unclear. Methods and Results-Here we used vascular injury models and found that Cdkn2b knockout mice displayed the expected increase in proliferation after injury, but developed reduced neointimal lesions and larger aortic aneurysms. In situ and in vitro studies suggested that these effects were attributable to increased smooth muscle cell apoptosis. Adoptive bone marrow transplant studies confirmed that the observed effects of Cdkn2b were mediated through intrinsic vascular cells and were not dependent on bone marrow-derived inflammatory cells. Mechanistic studies suggested that the observed increase in apoptosis was attributable to a reduction in MDM2 and an increase in p53 signaling, possibly due in part to compensation by other genes at the 9p21.3 locus. Dual inhibition of both Cdkn2b and p53 led to a reversal of the vascular phenotype in each model. Conclusion-These results suggest that reduced CDKN2B expression and increased smooth muscle cell apoptosis may be one mechanism underlying the 9p21.3 association with aneurysmal disease. (Arterioscler Thromb Vasc Biol. 2013;33:e1-e10.)
A s much as half of the risk for atherosclerotic coronary heart disease (CHD) is genetic in nature. 1, 2 Through genomewide association studies, ≈30 loci have now been associated with CHD. 3, 4 To date, the most robust genomewide association finding for CHD is a group of highly correlated variants in an ≈58 kilobase region on chromosome 9 at p21.3, the chromosome 9p21.3 CHD-Associated Region (C9CAR). 5, 6 C9CAR has been associated with atherosclerosis burden and myocardial infarction, 4, 7, 8 as well as extracardiac phenotypes such as abdominal aortic aneurysm (AAA), peripheral arterial disease, and stroke. [9] [10] [11] [12] As much as 20% of the attributable risk for CHD is contributed by variation at C9CAR. 5 The simultaneous association of 9p21.3 variation with nonatherosclerotic berry aneurysms suggests that the unifying mechanisms of association may not occur via a classical inflammatory pathway, but rather through some process that governs the structural makeup of the diseased vessel wall. 11 To date, the causal gene(s) at 9p21.3 remain unclear. The closest genes to C9CAR include a group of 3 cancer-related factors that reside over 50 kilobases telomeric to the risk associated region. Two of these genes, CDKN2A and CDKN2B, are cyclin-dependent kinase inhibitors that interact with CDK4 and CDK6 and have been linked to cell cycle regulation. The third is a unique splice variant of CDKN2A termed p14/ ARF that is involved in regulation of apoptosis through interactions with p53. 13 All of these genes are considered tumor suppressors and are commonly silenced by methylation in a variety of cancers. 13, 14 Both CDKN2A and CDKN2B have been implicated in biological processes such as senescence, apoptosis, stem cell renewal, and adult onset diabetes mellitus. 13 CDKN2A and ARF have been linked to CHD through gene expression and animal models of experimental atherosclerosis, [15] [16] [17] but no study has yet examined the effects of genes near 9p21 on aneurysm formation. Because several recent geneticsof-gene-expression studies have associated C9CAR variants with altered expression of CDKN2B [17] [18] [19] [20] (and/or its antisense long noncoding RNA, ANRIL), 20, 21 we used a series of in vitro and in vivo murine vascular disease models to investigate the mechanisms by which CDKN2B might regulate heritable vascular risk, with a particular focus on AAA disease.
Methods

Murine Vascular Disease Models
All animal protocols used were approved by the Stanford University Administrative Panel on Laboratory Animal Care. All experiments were performed in 12-to 14- week-old male Cdkn2b +/+ (n=107) and Cdkn2b −/− (n=85) mice on a C57BL/6 background.
Negative vascular remodeling was induced by performing complete carotid artery ligation (CAL). In some experiments, mice were injected with 2.2 mg/kg IP pifithrin-α 1 hour before ligation, and then every 48 hours until sacrifice, as above. Animals were euthanized 2, 4, 7, 14, or 28 days after the surgery and both the ligated and nonligated carotid artery samples were harvested for either RNA, total protein, or histomorphometric analysis as described in the online-only Data Supplement Methods.
Porcine pancreatic elastase infusion was used to generate aortic aneurysms. Abdominal aortic diameter was measured at baseline and 7 and 14 days after aneurysm induction, with B-mode ultrasound imaging. In some experiments, mice were injected with 2.2 mg/kg IP pifithrin-α 1 day before surgery, and then every 48 hours until being euthanized. Animals were euthanized 5 or 14 days after surgery, and analyzed as described in the online-only Data Supplement Methods.
Reciprocal bone marrow transplant studies were performed in lethally irradiated mice, as described in the online-only Data Supplement Methods. After 14 days of recovery, engraftment was confirmed by flow cytometry and the mice were subjected to porcine pancreatic elastase infusion, as above.
Human Vascular Sample Acquisition and Preparation
Human aortic samples were taken from patients during open surgical AAA repair (n=13), or from organ donors at the time of explant (n=5) and subjected to quantitative real-time reverse transcriptase polymerase chain reaction mRNA expression analysis. Immunohistochemical analyses were performed on aneurysmal (n=7) and nonaneurysmal aortic sections (n=7) from a second confirmation cohort.
Cell Culture Methods
Human coronary, pulmonary, and aortic smooth muscle cells (SMC; Lonza) were grown in media provided by the supplier. Endothelial cells, monocytes, macrophages, and fibroblasts were studied as described in the online-only Data Supplement Methods. To induce growth arrest and the expression of differentiation genes, SMC were serum starved in basal media for 72 hours. In vitro p53 inhibition studies were done by adding 10 µmol/L pifithrin-α (Calbiochem) to the cell culture media. For knockdown experiments, human coronary artery SMC (HCASMC) were transfected with 300 nmol/L of anti-CDKN2B or high-GC negative control small interfering RNA (Ambion) using the Amaxa Nucleofector system (Lonza).
Cellular proliferation was quantified with a modified (3-[4,5-dime thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT) assay as well as cell counting and fluorescence-activated cell sorter (FACS) analysis. To analyze SMC migration, a modified Boyden chamber assay was performed.
Rates of programmed cell death were assessed with 3 independent in vitro assays. In each assay, 1×10 5 transfected HCASMC were treated with 1 µmol/L staurosporine (Sigma) in serum-free media for 6 hours before analysis. Caspase-3 and -7 activity was measured using a commercially available luminometric assay (Promega). In the second assay, the cells were FACS sorted for fluorescein isothiocyanate annexin V and propidium iodide (BD FACSCaliber). In the final assay, cells were fixed in 10% formalin before terminal deoxynucleotidyl transferase dUTP nick end labeling staining with the Cell Death Detection Kit (Roche).
Phosphoproteomic antibody microarray profiling and bioinformatics analyses were performed in CDKN2B-deficient cells, as described in the online-only Data Supplement Methods.
Expression Analysis
Standard methodology was applied for mRNA and protein extraction from cell lysates and vascular samples, as well as for subsequent gene expression analysis and Western blotting, as described in the onlineonly Data Supplement Methods.
Statistical Analysis
Data are presented as mean±SEM. Data were subjected to the Kolmogorov-Smirnov test to determine distribution. Groups were compared using the Mann-Whitney U test for nonparametric data or the Students t test for parametric data. When comparing multiple groups, data were analyzed by analysis of variance with Bonferroni post-test. Statistical analysis was performed with GraphPad Prism 5.
Additional Methods
Detailed methodology and primary citations are provided in the online-only Data Supplement Methods.
Results
Cdkn2b Regulates Both Negative Vascular Remodeling and Aneurysm Formation In Vivo
To investigate the impact of a loss of Cdkn2b in vivo, we studied the CAL injury model and the elastase-infusion AAA model in Cdkn2b −/− and Cdkn2b +/+ mice. No difference in blood pressure, heart rate, lipid level, or glucose level was observed between genotypes ( Figure I in the online-only Data Supplement).
In the CAL model, Cdkn2b −/− mice exhibited reduced neointimal areas (41.4% reduction, P<0.03), medial areas (10.0% reduction, P<0.03), and intimal-to-medial ratios (37.2% reduction, P<0.05) compared with control Cdkn2b +/+ mice 4 weeks after vascular injury ( Figure 1A ). No measurable differences in luminal area (P=0.24) or total vessel area (P=0.15) were observed. Cdkn2b −/− mice displayed accelerated dropout of SMC and had less vascular smooth muscle α-actin staining than Cdkn2b +/+ animals (31.6% reduction, P<0.03), as well as fewer total neointimal cells, as assessed by number of 4´,6-diamidino-2-phenylindole-positive nuclei (212.9 fewer cells/vessel, P<0.03; Figure 1B and 1C) .
In the AAA model, Cdkn2b −/− mice were found to develop significantly larger aortic aneurysms than Cdkn2b +/+ control mice at both the 1 week (44.4% larger, P<0.01) and 2 week (29.3% larger, P<0.01) time points after elastase infusion ( Figure 1E ). In keeping with the CAL model findings above, Cdkn2b −/− mice had significantly less smooth muscle α-actin staining (46.0% reduction, P<0.05; Figure 1F ). No significant differences in elastin degradation score (P=0.23; Figure  1G ), Mac-3 (P=0.24), CD-3 (P=0.87), or collagen staining (P=0.92) were observed between genotypes (data not shown).
In both models, the Cdkn2b −/− mice displayed increased cellular proliferation in response to vessel injury. In the CAL model, significant differences were observed 1 week (3.81fold increase, P<0.01) and 4 weeks (5.65-fold increase, P<0.0001; Figure 1D ) after ligation. In the AAA model, there was a marked increase in proliferation 5 days after elastase infusion (1.66-fold increase, P<0.01; Figure 1H ) as measured by the number of proliferating cell nuclear antigen-positive vascular cells.
Cdkn2b Mediates Its Effects Through Resident Vascular Cells Independent of Bone Marrow-Derived Cells
To confirm that Cdkn2b was mediating its effect solely through intrinsic blood vessel cells and not via an inflammatory mechanism, we next performed elastase infusions in mice that had been lethally irradiated and that had undergone adoptive bone marrow transplantation ( Figure II in the online-only Data Supplement). Cdkn2b −/− mice reconstituted with wild-type marrow developed significantly larger AAAs than Cdkn2b +/+ mice that had been reconstituted with either Cdkn2b −/− or Cdkn2b +/+ marrow (176.9% versus 155.1% and 145.8% aortic diameter increase, respectively, P<0.05; Figure  2A ). Only the Cdkn2b −/− recipients displayed a reduction in smooth muscle α-actin staining, confirming an effect of this gene on resident SMC survival (58.0% reduction relative to Cdkn2b +/+ / Cdkn2b +/+ mice, P<0.03). No difference in T cell or macrophage infiltrate was observed across genotypes in either the CAL or elastase model (P=NS for each, data not shown).
Cdkn2b Regulates Vascular Disease In Vivo by Inhibiting Programmed Cell Death
To explain how the knockout animals could have enhanced proliferation yet develop smaller neointimal lesions and aneurysms with fewer SMC, we next evaluated the rates of apoptosis in each genotype. The Cdkn2b −/− mice in the CAL model displayed a striking increase in apoptosis observed as early as 2 days after injury (3.32-fold increase, P<0.03; Figure 2B ) that Also, the Cdkn2b −/− mice displayed increased aortic apoptosis relative to Cdkn2b +/+ mice 5 days after elastase infusion (4.64fold increase, P<0.0001) in the AAA model ( Figure 2C ). In each model, the differences were no longer observed at the terminal time point, several weeks after injury (P>0.22 for each).
CDKN2B Is Expressed in Vascular SMC and Is Downregulated in Diseased Vascular Tissue
To define the localization of CDKN2B in human vascular tissue and understand its regulation in vascular disease, we investigated the expression of CDKN2B in normal and pathological vascular samples. Compared with explants from organ donors, aortic samples taken from patients undergoing open AAA repair showed markedly reduced CDKN2B mRNA levels (4.8-fold reduction, P<0.03; Figure IIIA in the online-only Data Supplement). Similarly, studies revealed that Cdkn2b expression was decreased in an animal model of vascular injury, with a 3-fold reduction observed in murine carotid arterial tissue 2 weeks after carotid ligation (P<0.01). In keeping with these findings, we found that CDKN2B was expressed at a high level in cultured SMC at baseline (in contrast to cultured endothelial cells and macrophages) and was significantly downregulated as cells assumed the dedifferentiated phenotype (7.2-fold reduction, P<0.01).
Immunolocalization of CDKN2B-expressing cells was performed with human aortic sections from a separate AAA cohort, and confirmed that CDKN2B was highly expressed in medial vascular SMCs in vivo, but decreased in aneurysm tissue ( Figure IIIB in the online-only Data Supplement). Semiquantitative analysis of these data confirmed the mRNA expression findings, revealing that CDKN2B was highly downregulated in aneurysmal compared with nonaneurysmal tissue (P<0.01). Further staining in human vascular sections revealed colocalization of CDKN2B and smooth muscle α-actin staining. Colocalization of CDKN2B and von Willebrand factor expression was present but less intense ( Figure IIIC in the online-only Data Supplement).
CDKN2B Regulates Proliferation, Migration, and Apoptosis in Cultured SMC
Given findings implicating the tunica media as the site of action of CDKN2B, we next evaluated the role of this gene in vascular SMC physiology in vitro. HCASMC were rendered deficient in CDKN2B through treatment with small interfering RNA (10.5fold knockdown, P<0.01). These cells revealed a significantly higher rate of proliferation than control-transfected cells, as measured using an MTT assay (0.028 versus 0.019 relative proliferation units, P<0.01, Figure 3A ) and hemocytometer cell counts (25.9% increase, P<0.03). Consistent with these findings, cells deficient in CDKN2B were also found to have higher rates of mitosis by FACS analysis, as evidenced by a higher frequency of G2/M phase cells (4.6 versus 3.5%, P<0.01; Figure 3B ). Also, small interfering RNA-induced suppression of CDKN2B was associated with significant enhancement of SMC migration in Boyden chamber assays (15.4 versus 9.6 cells/hpf, P<0.0001; Figure 3C ). In keeping with the in vivo data, CDKN2B was then also found to inhibit programmed cell death using 3 independent assays. Both the percentage of terminal deoxynucleotidyl transferase dUTP nick end labeling-stained apoptotic cells grown on chamber slides (38.5 versus 13.2%, P<0.01, Figure 3D ) and the caspase-3/7 activity (13 414 versus 6 715 relative light units, P<0.0001; Figure 3E ) were significantly increased in CDKN2B-deficient cells relative to control cells. Similarly, CDKN2B knockdown increased the percentage of cells stained for annexin V compared with controltransfected cells (65.8 versus 46.3%, P<0.05) after exposure to the proapoptotic global kinase inhibitor staurosporine ( Figure 3F ). These apoptotic differences were confirmed in human aortic SMC (P<0.01, data not shown). CDKN2B was not expressed in cultured macrophages, did not modulate 
9p21 Genes Are Regulated in Response to Stress
Because compensatory back-up roles have been described for genes at the 9p21 locus previously, 14 we next evaluated the expression of each of the genes near C9CAR in response to stress. A pattern of reduced CDKN2B with increased CDKN2A and Arf expression was observed both in vitro and in vivo after injury (control cells treated with an apoptotic stimuli (grey bars, Figure 4A ) and wild-type carotid tissue after ligation (grey bars, Figure 4B ). MTAP fell after injury in vivo, but not in vitro. When evaluating the changes which occurred during conditions of CDKN2B-deficiency, a similar pattern was observed (compare black bars with grey bars in Figure 4A and 4B) , with the exception of Cdkn2a which was elevated in knockout mice at baseline and did not augment in response to stress. A direct comparison of the relative responses to stress across genotypes revealed a significantly larger increase in the proapoptotic factor alternate reading frame (Arf) in Cdkn2b −/− mice compared with Cdkn2b +/+ mice after carotid injury (P<0.05; Figure 4B ) but only a trend in vitro (P=0.07). The relative compensation of all other 9p21locus genes was similar across genotypes (P>0.05 for each).
CDKN2B Regulates SMC Apoptosis via an MDM2 and p53-Dependent Mechanism
To further investigate the mechanism by which CDKN2B regulates SMC survival, we next evaluated the expression of apoptosis-regulating genes in HCASMC lacking CDKN2B and in the injured vessel wall of CAL mice lacking Cdkn2b. Western blot analysis revealed that CDKN2B knockdown in HCASMC resulted in increased expression of p53 (2.9-fold increase, P<0.03) and its downstream product p21 (3.7-fold increase, P<0.05) as compared with control-transfected cells ( Figure 4C ). These differences were associated with a concomitant increase in the proapoptotic factor Bcl-2 associated protein (Bax) (6.3fold increase, P=0.18) and a decrease in the antiapoptotic factor BCL2 (1.8-fold decrease, P=0.056), although these changes did not reach statistical significance. Modulation of CDKN2B in vitro did not significantly alter total retinoblastoma protein levels (1.9-fold increase, P=0.11). In the CAL model, Cdkn2b −/− mice showed a significant increase in Trp53 (2.8-fold increase, P<0.03), p21 (3.1-fold increase, P<0.05), p19/Arf (2.8-fold increase, P<0.03) and Bax (2.2-fold increase, P<0.03), with a nonsignificant decrease in Bcl2 mRNA expression relative to Cdkn2b +/+ ligated vessels, confirming the cell-based findings ( Figure 4D) .
To further study the mechanism by which a deficiency in CDKN2B resulted in enhanced p53 expression, we performed a phospho-antibody protein microarray analysis of 196 factors related to the p53 signaling and apoptotic pathways. Intensity signals representing protein levels in apoptosing CDKN2Bdeficient and control-transfected cells were evaluated with Significance Analysis of Microarrays, and the genes responsible for differentially regulated proteins (false discovery rate <1%) were evaluated by overabundance analysis using the Database for Annotation Visualization and Integrated Dis covery (DAVID) (P<0.05, 2 genes/category minimum). Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways revealed that CDKN2B regulates genes related to SMC function, cell cycling, malignancy, and, as predicted, the p53 pathway ( Figure 4E) . Interestingly, the MDM2 protein was the third most significantly regulated candidate on the array (ahead of p53 itself), suggesting that CDKN2B may regulate apoptosis by targeting an MDM2-stabilizing kinase to enhance p53 ubiquitination and degradation. Subsequent flow cytometry and Western blot studies confirmed the array-based findings and revealed that apoptosing CDKN2B-deficient cells expressed significantly lower levels of both total MDM2 and phospho-MDM2 than control-transfected cells, explaining the higher levels of p53 in the knockdown cells (P<0.01 for each; Figure 4F and 4G).
Dual Inhibition Studies Confirm the Role of p53 in CDKN2B-Mediated Apoptosis and Vascular Remodeling
Finally, to determine whether the observed CDKN2B-related apoptotic differences were dependent on p53 signaling, we A trend toward increased expression of the proapoptotic protein BAX and reduced expression of the antiapoptotic protein BCL-2 was also observed. Retinoblastoma (RB) expression was not significantly changed by knockdown of CDKN2B. Quantitative densitometric data are shown in graph format on the left, representative blots with GAPDH loading controls on the right. D, mRNA expression analysis of mouse carotid tissue 4 days after carotid ligation confirm the in vitro findings, with significant upregulation of Trp53, p21, Arf, and Bax observed in the vessels of Cdkn2b −/− mice (n=7) relative to Cdkn2b +/+ mice (n=7). C, Phospho-antibody protein microarray studies and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis in HCASMC confirm the central role of the p53 apoptotic pathway in CDKN2B signaling. Among the differentially regulated genes annotated under the p53 signaling pathway (asterisks), MDM2 was the most significantly altered. Flow cytometry assays and Western blot analyses confirmed the protein array data and reveal that apoptotic CDKN2B-deficient HCASMC express significantly less total MDM2 than apoptotic control-transfected cells (D, P<0.01) as well as phosphorylated MDM2 (E, P<0.01). e7 performed dual targeting studies that included the pharmacological p53 inhibitor, pifithrin-α. Simultaneous knockdown of p53 augmented the enhanced proliferation in CDKN2B deficient HCASMC based on FACS analyses, with the ratio of cells in G2/M increasing from 1.28 at baseline to 1.66 after pifithrin-α treatment ( Figure 5A ). In contrast, inactivation of p53 eliminated the difference in apoptosis between CDKN2B knockdown and control-transfected cells, as assessed by caspase 3/7 activity, terminal deoxynucleotidyl transferase dUTP nick end labeling staining, and FACS analysis of annexin V positivity ( Figure 5B-5D ). Cdkn2b −/− mice administered pifithrin-α parenterally no longer showed increased rates of apoptosis after carotid ligation ( Figure 5E ) and actually exhibited a reversal of the remodeling phenotype after CAL, with an increase in the ratio of neointimal areas and intimal:medial ratios ( Figure 5F) . Similar results were observed in the AAA model, where the rate of aneurysm expansion was no longer different between genotypes after pifithrin-α treatment (P>0.71 at each time point; Figure 5G ).
Discussion
The present study provides a hypothesis for how CDKN2B might contribute to heritable cardiovascular risk. The data suggest that it does so, at least in part, by inducing multiple functional alterations in vascular SMC that could impact disease development, progression, and end stage clinical consequences. First, we show that reduced Cdkn2b expression in murine vascular remodeling and AAA models accelerates SMC proliferation while paradoxically leading to both smaller neointimal lesions and larger aortic aneurysms. Second, we show that these changes are secondary to an increase in vascular apoptosis, which is the result of an interaction between CDKN2B and the MDM2-p53 pathway, possibly attributable at least in part to upregulation of ARF in the presence of vascular injury. These CDKN2Brelated effects on programmed cell death appear to be the major determinant of the observed vascular phenotype, have the capacity to overwhelm the concomitant proliferative differences, occur through an effect on resident vascular cells, and can be fully reversed by simultaneously inhibiting both the p53 and CDKN2B pathways. Although further investigation is required in additional models, these studies suggest one mechanism for how a gene which is regulated by polymorphisms at C9CAR may potentiate risk for AAA. 5, 22 The identity of the causal vascular disease gene(s) at 9p21 remains the topic of significant debate. To date, a number of expression quantitative trait locus and allelic imbalance studies have been performed in human tissues, and altered expression of each of the genes (alone or in combination) near the 9p21 locus has been described in carriers of the risk allele, including CDKN2A, ARF, ANRIL, and MTAP. 17, 20, 21, 23, 24 For CDKN2B, expression quantitative trait locus studies have associated noncoding C9CAR risk single-nucleotide polymorphisms with reduced CDKN2B expression in man, including adipose tissue and circulating leukocytes. 4, 17 Importantly, recent studies have extended these mapping efforts into vascular tissue and found reduced CDKN2B expression in atherosclerotic plaque and vascular SMCs derived from carriers of the risk allele, consistent with association in the end organ. 18, 19 At a mechanistic level, much of the observed reduction in CDKN2B expression may be occurring indirectly through the local long noncoding RNA, ANRIL, which has been shown to epigenetically suppress CDKN2B transcription, 25, 26 and has been associated with C9CAR allelic variation. 20, 21, 23 Indeed, a recent study revealed that a lead C9CAR polymorphism ablates a STAT1 binding site in a 9p21 enhancer element, resulting in enhanced ANRIL expression, and presumably reduced CDKN2B in the vessel wall. 27 Finally, recent association studies in Americans of African ancestry have identified risk variants within the CDKN2B 3΄-untranslated region, 28 and one of these variants has now been independently associated in a large metaanalysis of 63 746 CHD cases and 130 681 controls by the CARDIoGRAM+C4D consortium (CARDIoGRAMplusC4D C, submitted, 2012).
The observation that CDKN2B is strongly linked to SMC apoptosis may explain the association of 9p21 with both AAA disease and nonatherosclerotic intracranial aneurysms. A central feature of these diseases, and for berry aneurysms in particular, is a decrease in vascular wall integrity related to loss of vascular wall medial SMC number. 29 Aneurysmal dilatation has also been associated with SMC apoptosis and p53 upregulation in human aneurysms. 30 For carriers of the C9CAR risk haplotype, pathological downregulation of CDKN2B would enhance p53-dependent apoptosis, and ultimately promote medial thinning. Because vascular SMC turnover occurs at an exceedingly low rate, 31 it is possible that even a slight imbalance in the ratio of proliferation to apoptosis might have a dramatic impact on AAA progression, particularly when considered over a period of several decades. 32, 33 An important point is that the effects observed here are mediated solely through intrinsic vessel-wall cells, and not bone marrow-derived macrophages. This consideration is important given that previous studies have implicated Cdkn2b in monocytic myeloproliferation 34 and previous observations that most cardiovascular diseases are inflammatory in nature. 32 However, the link between risk haplotype and the nonatherosclerotic berry aneurysm points to a mechanism that governs blood vessel composition over one that promotes vascular inflammation. Indeed, this hypothesis was borne out by our observation that the Cdkn2b knockout mice displayed a severe phenotype in each animal model, with no increase in inflammatory cell burden, as well as a null effect after transplanting knockout marrow into otherwise healthy animals.
The fact that Cdkn2b does not alter vascular inflammation may explain its independence from classical risk factors such as smoking, dyslipidemia, and diabetes mellitus, as these processes appear to primarily work through inflammatory pathways, rather than medial cell fate decision making. 35 Apoptosis-related signaling downstream of CDKN2B appears to be more complex than previously appreciated. In health, both CDKN2B and CDKN2A are well described inhibitors of tumor formation that signal through the retinoblastoma pathway to inhibit the G 1 to S transition. In human cancer, these 2 genes are coordinately hypermethylated or deleted, allowing tumor growth. 13, 14 In the vasculature, CDKN2B similarly regulates cell fate decisions, but appears to have an even greater role in the modulation of apoptosis in response to stress. Rather than doing so through the retinoblastoma pathway, a loss of CDKN2B results in activation of the p53 axis and several downstream effector molecules. p53 has been implicated in vascular remodeling previously, 36 but its role in atherosclerotic plaque progression is the subject of significant debate. 37, 38 There are several possible mechanisms by which signaling between CDKN2B and p53 may occur ( Figure IV in the online-only Data Supplement). In keeping with extensive literature linking ARF to p53, one possible mechanism identified through these studies is the upregulation of vascular ARF expression in response to reduced CDKN2B expression. These data would suggest that either direct modulation of ARF by causal variation at C9CAR, or indirect modulation of ARF through intermediate regulation of CDKN2B could provide a common disease pathway. An argument against a sole role for ARF in the context of CDKN2B downregulation is provided by data obtained in an Arf knockout mouse in the apolipoprotein E model. 15 In these studies mice specifically targeted for Arf, and shown to have no Cdkn2b compensation, did not display any change in lesion cellularity, aortic SMC proliferation, or SMC content. This suggests that CDKN2B itself may have a distinct role in SMC biology above and beyond the effects of ARF. Also, direct crosstalk between RB, MDM2, and p53 is known to exist in other cell types, 39, 40 suggesting further investigation of direct interaction between CDKN2B and the kinases upstream of p53 in SMC.
This study has several limitations that warrant discussion. First, because this study used nonatherosclerotic models, it is difficult to draw inferences about a potential role for CDKN2B in coronary artery disease. The CAL model is useful to measure the response of SMC to injury but does not reflect human plaque formation. Also, Kim and colleagues, 41 recently reported that apolipoprotein E*Leiden/CDKN2B mice do not display an increase in atherosclerotic plaque burden relative to controls, raising the possibility that the 9p21-locus genes might have context-specific vascular effects, as has been described for p53 previously. 37 Indeed, it is possible that multiple cis-regulatory elements, compensation patterns, or geneby-gene interactions may be active in different disease states with > 1 causal gene at 9p21.
In summary, this report provides a hypothesis for how variation at 9p21.3 may regulate SMC survival to promote risk for vascular disease. These findings highlight the concept of medial integrity as a determinant of disease progression and e9 rationalize the development of antiapoptotic therapies directed toward reducing aneurysm progression.
